A potentiometric sensor is reported for the mercury(II) detection, which uses substituted thiourea-functionalized nanoporous silica (FTU-LUS-1) as the sensitive material. Substituted thiourea (FTU) and FTU-LUS-1 were first prepared and then characterized . The electrode exhibited a detection limit of 7.0 × 10 -8 mol dm -3 . Moreover, the selectivity coefficient, response time, performance, sensitivity and stability of the modified electrode were investigated. The electrode presented a response time of about 35 s, a high performance and sensitivity in a wide range of cation activities as well as good long term stability (more than 9 months). The method was satisfactory and could also be used to monitor the mercury(II) ion concentration in waste water and fish samples.
Introduction
Recently, we described the use of carbon paste electrode (CPEs) modified with functionalized nanoporous silica gels for the assay The ordered nanoporous silica materials, such as MCM-41, 1 LUS-of copper(II), 15 silver(I) 16 and cerium(III) 17 in aqueous solutions. 1 2, 3 and SBA-15, 4 present a very high surface area, a uniform These new designed CPEs all had improved lifetimes compared open form structure and an extremely narrow pore size distribution. to those previously reported. [18] [19] [20] In this study, a simple procedure They can be employed as catalysts, 5 for the preconcentration of that quantified mercury ions in fish tissue and waste water metals, [6] [7] [8] as modified carbon electrodes [9] [10] [11] and in the drug samples was used. At first, the surface of the LUS-1 pore wall delivery pattern. 12 These materials also illustrate high surface was modified with substituted thiourea. The characterization of area (surface areas in excess of 1000 m 2 g -1 ) ordered silica this new ordered nanoporous silica and its applicability for frameworks, containing uniform pore channels with diameters determination of mercury(II) ions in modified CPEs are described ranging from 2 to 10 nm. Of special interest is the functionalization and discussed in detail. The presence of molecules (e.g. thiourea), of these nanostructures by the inclusion of chemical groups into carrying soft S-donor atoms as part of a macrocyclic ligand, has their frameworks. This can be achieved via the covalent grafting a marked influence on the coordination of mercury(II) as a soft of the organofunctional derivatives to the framework pore walls Lewis acid. An interesting point, which was only briefly of the preformed nanoporous silica molecular sieves, 13 or in one mentioned in the literature, 21 is that the ordered thiol-functionalized step, by the condensation route in the presence of an organic nanoporous silica materials are apparently characterized by a moiety. 
Experimental

Apparatus
The chemical shifts of 1 H NMR (500 MHz), 13 C NMR (75 MHz) and 19 F NMR (282 MHz) spectra were recorded in ppm, in CDCl3 using a Bruker instrument. The FTIR spectra were recorded using a Bruker spectrophotometer. The weight change curve in nitrogen was measured on a TA instrument TGA Q50 V6.3 at the maximum heating rate of 20˚C min -1 .
Reagents
Hydrochloric acid, 3-(triethoxysilyl)propylamine and the nitrate salts of the used cations were purchased from Merck (Darmstadt, Germany). The same chemical company supplied the hexadecyl trimethylammonium-p-toluenesulfonate (CTATos) surfactant, 3-(triethoxysilyl)propylamine((EtO)3Si(CH2)3NH2),4-fluorophenyl isothiocyanate, toluene and NaOH. Ludox HS-40 (40% SiO2) was provided by Sigma-Aldrich Chemie Gmbh (Munich, Germany). The graphite powder with 1 -2 mm particle size (Merck) along with the paraffin oil (Sigma-Aldrich Chemie Gmbh) were of high purity and were used for the preparation of the carbon pastes. All reagents were used without any further purification. All working solutions (with the exception of those for the pH effect studies) were buffered at pH 2.5 ± 0.1, using a 1 mmol dm -3 phosphate buffer solution. The stock solutions of all cations (0.10 mol dm -3 ) were prepared from the corresponding analytical grade nitrate salts and were diluted to the desired concentration by repeated dilution.
Preparation of fish samples
The total mercury concentration in canned tuna fish muscle samples was determined by nitric acid digestion. 27 A 200-mg volume of frozen dried tissue sample was weighed into a plastic tube and a 5-mL mixture of concentrated HNO3, 2 mL HCl and 2 mL H2O2 was added. The mixture was sonicated in an ultrasonic bath for 60 min at ambient temperature. Afterwards, it was centrifuged at 3000 rpm for 10 min. The liquid phase was transferred to a 10-mL volumetric flask. The solid residue was washed with 2 mL deionized water, then centrifuged at 3000 rpm for 15 min and transferred to the same volumetric flask. At the end, the volume was adjusted to 25 mL with deionized water.
LUS-1 synthesis
LUS-1 was prepared according to a synthetic procedure previously established. 3, 28 Typically, a colloidal silica Ludox (15.5 g, 0.26 mol) from Aldrich was added to sodium hydroxide (2 g, 5 × 10 -2 mol) in distilled water (50 mL) and the mixture was 
FTU-LUS-1 synthesis and characterization
For the FTU-LUS-1 synthesis (Scheme 2), initially, LUS-1 was dried at 353 K under vacuum for 3 h. A mixture containing dry LUS-1 (3 g), dry toluene (100 mL) and FTU-Sil (1.1 g, 3 × 10 hexagonal mesophase with the P6mm symmetry characteristic of MCM-41. 29 No lattice change was observed between FTU-LUS 1 and LUS-1. According to the BJH model, the pore size distribution of FTU-LUS-1 and LUS-1 solid was still a typical MCM-41, centered at 22 ± 1 and 29 ± 1 Å, respectively. The BET specific surface area (SBET) for FTU-LUS-1 and LUS-1 were 840 and 940 m 2 g -1 , respectively. The SBET decrease and the average BJH pore diameter after functionalization could be attributed to the presence of the organic ligands on the surface.
The FTU quantity attached to LUS-1 after drying under vacuum, in mmol g -1 , was calculated from the sulfur percentage in FTU LUS-1. It was estimated by elemental analysis, using the following equation:
The loading of the FTU-groups, L0, bound to the LUS-1 surface, was 9.06 × 10 -1 mmol g -1 . The TGA image of FTU-LUS-1 ( Fig. 2) presents two decomposition states. The first decomposition occurred at 25°C (1.9% weight loss), assigned to the water loss. Another mass loss took place between 140 and 680°C (18.2% weight loss), which was associated with the decomposition of the organic pendant groups anchored onto LUS-1 and the water loss during the silanol condensation to siloxane groups. The thermal gravimetric curve for FTU-LUS-1 confirmed the amount of the organic group on the surface that was obtained by the elemental analysis.
Preparation of the chemically modified carbon paste electrodes
The chemically modified CPEs were prepared by thoroughly mixing graphite powder, 25% (w/w) paraffin oil and FTU-LUS-1 in proportions of 2, 4, 6 and 10% (w/w), respectively. The electrode body was fabricated from a glass tube of 5 mm i.d. and 3 cm height. After the mixture homogenization, the paste was packed carefully into the tube tip to avoid possible air gaps that might enhance the electrode resistance. A copper wire was inserted into the opposite end to establish electrical contact. The external electrode surface was smoothed with soft paper. A new surface was produced by scraping out the old surface and replacing the carbon paste.
Electrode conditioning
The fresh modified electrode surfaces were conditioned by their exposure to a 1.0 × 10 -4 mol dm -3 Hg(NO3)2 solution at pH 2.5, adjusted with a 1.0 × 10 -3 mol dm -3 phosphate buffer for 24 h. The electrodes were then rinsed with deionized water for 30 s.
Emf measurements
All potentials were measured on a Corning Model 125 pH/mV meter vs. SCE. The pH value of the sample solutions was monitored simultaneously with a conventional glass pH electrode. The electrochemical cell can be represented as follows:
Hg, Hg2Cl2(s) | KCl (3 mol dm -3 ) || sample solution | carbon paste electrode Calibration graphs were constructed by plotting the potential, E, vs. the logarithm of the mercury ion concentration at the constant pH value of 2.5.
Results and Discussion
Response characteristics of CPEs and electrode composition
The nanoporous silica use in the heavy metal determination has been the subject of extensive research recently. This work, to the best of our knowledge, is the first attempt to apply modified silica gel for the selective potentiometric determination of mercury ion in the presence of other metal ions. In preliminary experiments, it was found that CPEs, containing FTU-LUS-1, generated stable potentials in the solutions with mercury ions, after conditioning in a 1.0 × 10 -4 mol dm -3 Hg(NO3)2 solution. The electrodes revealed remarkable selectivity towards mercury(II) in comparison with the available selectivity towards the common metal ions. This was likely due to the high mercury ion selectivity of the substituted thiourea-functionalized silica gel over the other metal ions as well as the rapid exchange kinetics of the resulting complex. The presence of both nitrogen and sulfur atoms seems to generate a great affinity between the modifier and the mercury(II) ions. The electrode did not exhibit any sensibility to the K + , Na + , Cd
2+
, Ni
, Cu 2+ , Mg 2+ , Ca 2+ and Ba 2+ concentration changes in the solution. Thus, it was concluded that the changes in the membrane potential were induced by the host-guest complexation, indicating the molecular recognition effects at the interface of the modified electrode and the aqueous solution. 30 The influence of the membrane composition on the potentiometric response of the electrodes was investigated by varying the proportions of the modifier (FTU-LUS-1) and the graphite powder. Table 1 . Based on the IUPAC recommendations, 31 the critical response characteristics of the designed electrode were assessed. Table 1 summarizes the slopes, linear ranges and LODs of the resulting potentiometric calibration curves for the mercury(II) ion-selective electrodes, obtained in buffered solutions at pH 2.5. Clearly, an increase at the FTU-LUS-1 level in CPE caused a slope increase of the calibration curve (compare CPE2 and CPE3). On the contrary, for the FTU-LUS-1 level of more than 4%, only a minor change was observed in the sensitivity of the modified electrode (compare CPE3, CPE4 and CPE5). As Table 1 suggests, the FTU-LUS-1-modified electrode with the graphite powder/paraffin oil/FTU-LUS-1 percentage ratio of 72%/18%/10% was selected as the one with the optimal membrane ingredient composition. It exhibited a Nernstian slope of 28.4 mV decade -1 in a wide mercury ion concentration range between 1.0 × 10 -7 and 1.0 × 10 -1 mol dm -3 (Fig. 3) . After the consideration of these results, the CPE5 carbon paste composition was used in the further studies. The carbon paste electrode without modifier (CPE1) presented a nonlinear potentiometric response and the slope was very low, ca. 8.3 mV decade -1 ( of the calibration graphs were extrapolated to the baseline potentials. This detection limit value for CPE5 was at least one to two orders below than that of the conventional polymeric membrane electrodes. These methods could be considered as competitive for the determination of the free ion levels, because the detection limits were successfully reduced. It should be noted that the ion-selective electrodes with an inner aqueous electrolyte contact would invariably demonstrate a kinetic bias, even with very high membrane selectivity. Additionally, the observed detection limits would be typically still much higher than their thermodynamically predicted ones. The electrodes with a solid inner contact are promising alternatives in this regard, with their detection limits remaining so far in the nanomolar range. The optimum equilibration time for the electrode, in the presence of 1.0 × 10 -4 mol dm -3 mercury nitrate, was 15 h. After this time period, the electrode generated stable potentials in contact with the mercury solution.
In the case of all the FTU-LUS-1-modified electrodes, the standard deviations of 10 replicate potential measurements were at most ±1.6 V (for CPE2) and at least ±1.0 V (for CPE5). For the assay of the regeneration step effect on the electrode response reproducibility, the electrode surface was scrubbed and used under the same conditions. The relative standard deviation of the obtained response did not exceed 4.5% for the solutions of 1.0 and 100 mmol dm -3 mercury(II).
Dynamic response time
The practical response time is recorded by varying the standard test solutions with different target ion concentrations. The measurement sequence is from the lower to the higher . Thus, we concluded that the potentiometric response time of the electrode was ca. 35 s.
pH effect of the test solution
The potentiometric response of the modified electrodes, based on the FTU-LUS-1, was found to be sensitive to the pH changes. Figure 4 displays a typical pH response curve for, over the pH range of 2.0 -10.0, where the pH was adjusted with diluted nitric acid and sodium hydroxide solutions. When the freshly prepared CPE5 modified electrode was conditioned in a 1.0 × 10 -4 mol dm -3 Hg(NO3)2 solution (for ca. 15 h), the electrode response was hardly affected by the pH change within the range of 2.0 -3.5 in a 1.0 × 10 -4 mol dm -3 Hg(NO3)2 solution or within the range of 2.0 -5.5 in the absence of mercury ions. On the other hand, outside this ranges, the electrode responses changed significantly. The decreased response at pH < 2 seemed ascribable to the competitive binding of protons (or hydrated protons) to the ligands on the electrode surface. The diminished potential at pH > 3.5 was due to some mercury hydroxide formation in the sample solutions.
Interference studies
The potentiometric selectivity coefficients, which describe the preference of the suggested electrode for an interfering ion, X, with reference to the mercury ion, were determined by the fixed interference method (FIM). In the FIM, 31, 32 an entire calibration 
Lifetime
The polymeric membrane electrodes deteriorated easily, due to the leaching of the ion carrier from the membrane to the sample aqueous phases. On the contrary, the FTU-LUS-1-modified electrodes were quite robust thanks to the covalent bonding of the substituted thiourea to the solid framework of the nanoporous silica. The lifetime of the FTU-LUS-1-modified electrode was studied by periodically recalibrating the potentiometric response to the mercury(II) ions in the standard solutions. After the conditioning step, the electrode was calibrated three times every month and then was dried and stored in room temperature. It must be noted that these data are on the basis of the same electrode, without any surface renewal step. No significant change in the electrode performance was observed in the time period of 9 months. This indicated that its lifetime was longer than 9 months.
Analytical application
The modified electrode (CPE5) was satisfactorily applied to the mercury determination in wastewater samples from the Petrochemical Bandar Emam Company.
The mercury(II) concentration was assessed by the calibration method. It should be mentioned that there is no need to compensate the matrix effect from the industrial waste samples that contain high concentrations of nitrate, chloride and sulfate ions and other foreign ions (such as Ni 2+ , Cr 3+ , Cd 2+ and Fe 3+ ) as high as thousand times of the mercury(II) concentration. Table 3 shows the comparative determination of the mercury(II) cations in wastewater samples by the proposed method and the ICP method. a. Average of three determinations.
The assessment by the Student's t-test did not show a statistically significant difference between the methods used (95% confidence). The obtained data for the spiked samples with known mercury amounts displayed satisfactory recoveries and confirmed that the modified CPE could be used for practical analysis. Moreover, the mercury content of two fish samples was detected by the newly-designed modified electrodes. Table 4 depicts the results obtained by the FTU-LUS-1-modified electrode in combination with those obtained by ICP. As one can derive from this table, the detected mercury concentration in these samples, using simple aqueous standard solutions for calibration, was in good agreement with that of the certified ICP method. These results demonstrated the applicability of the developed sensor with the employment of the functionalized silica gel for the interference-free determination of mercury traces in the analyzed environmental samples.
Conclusions
In this study, the potentiometric method using FTU-LUS-1 doped in CPE provided an attractive alternative for the mercury(II) ion assay. The electrode was easy to prepare, selective to mercury over several heavy metals and presented a fast response time. Another unique feature of the recommended mercury sensor was its good long-term stability (more than 9 months). These noteworthy characteristics make the substituted thiourea-modified electrode a promising electrochemical device for the trace mercury detection in environmental and food samples.
